Abstract Despite the emergence of multiple management options for patients with vestibular schwannomas, surgery remains an important part of the treatment algorithm. The retrosigmoid, translabyrinthine, and middle fossa craniotomies are the three most commonly employed approaches for microsurgical resection. Each has inherent advantages and limitations, which are described in this article. Additionally, we present indications and procedural highlights for each.
Introduction
Vestibular schwannomas (VS) are benign, generally slowgrowing tumors that arise from the vestibular portion of the eighth cranial nerve. The majority of patients present with sporadic unilateral lesions during the fourth to sixth decade of life after experiencing asymmetrical hearing loss and tinnitus, while approximately 5 % develop bilateral VS, the hallmark of Neurofibromatosis type 2.
Current treatment options for small to medium-sized tumors include microsurgical resection and stereotactic radiosurgery. In most centers, surgery remains the preferred treatment modality for patients with large tumors ([3 cm) or those with symptoms attributable to mass effect. Within the last two decades, evidence from natural history studies has demonstrated that a significant number of small tumors remain quiescent for extended periods of time, leading to the consideration of an initial ''wait-andscan'' management option. With increasing use of less invasive management strategies, outcomes following microsurgical resection have become more heavily scrutinized. It is necessary that the surgical team understand the advantages and limitations of each surgical approach in order to optimize surgical exposure and limit morbidity.
While many approaches to the internal auditory canal and cerebellopontine angle have been described, the translabyrinthine, middle fossa, and retrosigmoid craniotomies remain the most commonly employed. The choice between these options is largely dictated by tumor size and location, level of preoperative hearing, patient functional status, and surgeon preference. The retrosigmoid approach provides the most versatile corridor, offering a panoramic view of the posterior fossa for large tumors and the possibility of hearing preservation for small, medially based tumors. The translabyrinthine approach is generally used for patients with non-serviceable hearing or in cases when hearing preservation is not realistically feasible. Finally, the middle fossa craniotomy is reserved for small tumors confined to the internal auditory canal in patients with functional preoperative hearing. We provide an in-depth review of these three approaches, highlighting indications, controversies, surgical nuances, and outcomes.
Vestibular Schwannoma Surgery: A Historical Perspective
The management of VS has evolved considerably over the past century. Initially, the diagnosis of a tumor was suspected based on clinical symptoms and confirmed on autopsy. Early attempts at surgical extirpation suffered from limitations in exposure, hemostasis, and anesthetic delivery. By some accounts, perioperative mortality was as high as 80 % at the turn of the twentieth century [1] . The subsequent efforts of Harvey Cushing and Walter Dandy toward refining the suboccipital craniotomy and tumor dissection techniques led to dramatic reductions in this percentage. In the 1960s, William House, widely considered to be the father of neurotologic surgery, pioneered the operative microscope for tumor dissection resulting in a reduction in associated cranial nerve injury. Jointly with his neurosurgical colleagues, the translabyrinthine and middle cranial fossa approaches to the internal auditory canal and cerebellopontine angle were also popularized [2] .
As the risk of perioperative mortality fell, microsurgery began to focus increasingly on minimizing morbidity. In particular, operative efforts sought not only to create the exposure necessary for a safe, complete resection, but also to reliably preserve facial nerve function and, potentially, hearing. Over time, this shift has led to the incorporation of multiple disciplines into the contemporary care of patients with VS. Skull base centers have emerged, which offer the combined expertise of neurotologists, head and neck surgeons, neurosurgeons, neurologists, radiation oncologists, facial plastic surgeons, audiologists, neurophysiologists, anesthesiologists, and physical therapists.
General Indications, Limitations and Risks
The optimal management strategy for a newly diagnosed VS remains controversial. In general, options include microsurgical resection, stereotactic radiation, and observation with a ''wait-and-scan'' approach. Historically, surgical resection has been the treatment modality of choice. However, the advent and wide usage of contrast enhanced magnetic resonance imaging (MRI) has led to relatively earlier tumor diagnosis than was previously possible [3] . Compounded with the finding that tumor growth is not always guaranteed or predictable, non-surgical management strategies have materialized [4, 5 • ]. Radiation has proven to be effective in controlling tumor growth in many cases and has been used with increasing frequency over the past few decades. While somewhat controversial, most clinicians reserve single fraction radiation for non-cystic, growing tumors less than 3 cm in the greatest posterior fossa dimension [6 •• , 7 •• ]. Additionally, a ''wait-and-scan'' strategy has been born from natural history studies showing that many small tumors remain quiescent for extended periods of observation [4] , and that growth is generally slow when it occurs. Adding to this management dilemma, recent reports suggest that long-term quality of life for VS patients is equivalent among the three treatment options [ 
Despite the respective value of ''wait-and-scan'' management and stereotactic radiation for VS, microsurgical resection remains an important part of the treatment algorithm. When tumor mass results in moderate brainstem or cerebellum compression, intervention is generally warranted. The consequences of persistent tumor growth beyond this point can include progressive symptoms of mass effect including trigeminal neuropathy, cerebellar ataxia, and hydrocephalus. Given the limitations and risks of radiation therapy in this setting, post-radiation tumor swelling in particular, surgical management becomes a necessary consideration. Additionally, there are other situations in which microsurgery may be a preferred option, including growing cystic tumors, secondary trigeminal neuralgia, or refractory dizziness [10 • ]; notably, the latter remains controversial. Patient preference is also an important consideration as some patients may experience irreconcilable anxiety due to the presence of an intracranial tumor. Despite the challenges of operating on a previously irradiated tumor, surgery continues to be the pre-eminent salvage option when radiosurgery fails to control tumor growth [11] . Finally, some advocate for proactive surgical resection of small favorable tumors with good preoperative hearing in order to preserve long-term serviceable hearing [12] .
Between the three most commonly employed approaches, there are inherent differences that should be considered during treatment planning ( Table 1 ). The retrosigmoid craniotomy has continued to be one of the most commonly used approaches for tumor excision, favored due a relatively high degree of posterior fossa visualization and the possibility of hearing preservation. However, it can require prolonged cerebellar retraction and offers limited visualization of the internal auditory canal without intradural, transmeatal drilling. The middle cranial fossa technique also permits hearing preservation for small, laterally based tumors with less than approximately 5 mm of posterior fossa extension. Some disadvantages of this approach include temporal lobe retraction and potentially a less favorable orientation of the intrameatal segment of the facial nerve for tumor dissection. The translabyrinthine approach offers adequate exposure for the removal of large tumors and tumors extending into the fundus of the internal auditory canal [13] . It also permits identification of the facial nerve distal to the tumor. However, this approach sacrifices residual ipsilateral hearing, may be less familiar to neurosurgeons, and generally requires a separate surgical site in order to harvest an adipose graft for closure.
When microsurgical resection is sought, it is important to consider that that there are certain unavoidable risks. As with any surgical procedure, surgical site infection can occur in the post-operative period, and every effort must be taken to ensure the integrity of the sterile field. Stroke, seizure, cranial nerve injury, cerebrospinal fluid fistula, meningitis, and death are risks of intracranial surgery. In addition, hearing loss, vestibulopathy, facial nerve weakness, and lower cranial neuropathy are especially relevant when operating in the cerebellopontine angle.
Measures can be taken by the surgical team to mitigate some of these risks. With particular regard to seventh and eighth cranial nerve injury, intraoperative monitoring has proven to be a useful adjunct to microsurgical technique. Bipolar electrodes can be placed into the orbicularis oris and oculi muscles and an accompanying stimulation probe can be used to assist with facial nerve identification and prognostication. Some have suggested that the stimulus threshold and resulting discharge amplitude at the conclusion of the resection can be used to predict postoperative facial nerve function [14, 15, 16 • ], though the accuracy of these measurements is not assured [17 • ]. When hearing preservation is attempted, intraoperative monitoring with either brainstem auditory evoked response (BAER) or direct eighth nerve monitoring (DENM) can be used [18, 19] .
Surgical Highlights
Key elements of the three aforementioned surgical approaches are listed below, and our preferred incision styles are diagramed in Fig. 1 . The technique for tumor dissection does not vary among the three approaches and, in general, involves meticulous isolation of the capsule and devascularization of the tumor in progressive stagesdeveloping a plane between the tumor and adjacent structures.
Retrosigmoid Approach
The retrosigmoid approach remains a mainstay of posterior fossa surgery and represents a modification of the standard suboccipital craniotomy, which provides exposure to the lateral cerebellum and cerebellopontine angle. The patient's head is ideally turned parallel to the floor or slightly past parallel. To facilitate adequate venous outflow, the patient is placed into a modified park bench position. The head is then secured using a Mayfield clamp. A curvilinear incision is made approximately three fingerbreadths behind the postauricular sulcus, extending into the neck inferiorly. Once the periosteum has been incised, the sternocleidomastoid muscle can be partially divided and retracted to provide inferior exposure. Following circumferential subperiosteal elevation, the craniotomy begins with a burr hole created over the asterion, which is the intersection of the lambdoid, squamosal, and occipitomastoid sutures. The transverse sinus and sigmoid sinus junction can usually be found beneath this landmark. Once the confluence of these sinuses is identified, a circular craniotomy is developed using a high speed burr that traces the posterior margin of the sigmoid sinus, inferior margin of the transverse sinus, and measures approximately 4 cm in diameter. For larger tumors the craniotomy can be enlarged to incorporate the foramen magnum. Any exposed petrous air cells are meticulously sealed with bone wax to prevent postoperative cerebrospinal fluid leak. An initial dural opening in the vicinity of the cisterna magna is made to allow for controlled egress of cerebrospinal fluid, which provides relaxation of the underlying cerebellum. A dural opening is then fashioned by raising separate superior and lateral leaflets extending all the way to the transverse and Headache sigmoid sinuses, thereby allowing for clear visualization of the tentorium and posterior petrous temporal dura. In the case of larger tumors, a self-retaining retractor blade mounted on a Greenberg clamp can also be utilized to gently elevate the lateral cerebellum posteriorly. Further dissection of the cerebellopontine cistern superiorly will then reveal the tumor capsule and continuing arachnoid lysis toward the tentorium will then allow for optimal conditions to begin tumor dissection. Stimulation of the capsular surface and visualization for an aberrant seventh nerve is important at this stage. For smaller tumors, an initial attempt can be made to identify the root exit zone of CN VII and VIII, whereas for larger tumors, lateral debulking is performed followed by transmeatal drilling to reveal the contents of the internal auditory canal. Once tumor resection is completed, it is critical to irrigate out blood products from the intracranial space. Meticulous hemostasis must be obtained with careful attention paid to the lateral cerebellar surface. Finally, a duraplasty is performed with our preference being to utilize a synthetic dural substitute to provide a watertight dural closure. Any exposed bony air-cells are re-waxed. The craniotomy bone flap is re-plated using a low profile, titanium plating system. The procedure ends with a multilayer, watertight closure of the surgical site.
Translabyrinthine Approach
The translabyrinthine approach utilizes standard otologic surgical techniques to exploit the close anatomic relationship of the vestibular system, internal auditory canal, and posterior fossa. The patient is placed in a supine position with the head turned away. The procedure begins with a postauricular skin incision, designed to generously expose to the tegmen superiorly, sigmoid sinus posteriorly, and mastoid tip inferiorly. Once a periosteal cut has been made, subperiosteal dissection is carried anteriorly to the level of the bony external auditory canal. The temporal bone is then drilled with the intention of eventually exposing the internal auditory canal and the posterior fossa. While drilling, we routinely decompress the sigmoid sinus and dura of the middle and posterior cranial fossae to maximize exposure. Additionally, bone is carefully thinned over the mastoid portion of the facial nerve and jugular bulb for this same purpose. As drilling proceeds medially, the endolymphatic sac and duct can be identified over the posterior fossa dura, and the superior petrosal sinus can be identified within the sinodural angle. A labyrinthectomy is performed with care to avoid the fallopian canal. Of note, if additional anterior exposure is required, a transotic or transcochlear approach can be performed after isolation of the fallopian canal in the tympanic and mastoid segments [20] . Once the internal auditory canal dura has been identified, inferior and superior troughs are drilled so that 180°-270°of exposure is obtained. When a high jugular bulb compromises exposure to the caudal end of the internal auditory canal, some surgeons will place successive layers of ovoid bone wax to compress the vein [21] . Microdissection of the tumor commences once the internal auditory canal and posterior fossa dura have been opened to sufficiently reveal the extent of the tumor.
Following tumor excision, the middle ear space and Eustachian tube are obliterated with free muscle, fat and fascia grafts, and an additional fat graft is used to further obliterate the resulting defect in the posterior petrous temporal bone. Dural substitute or an autologous fascia graft can also be used to cover the posterior fossa and internal auditory canal. Additionally, our center has adopted the use of an absorbable mesh for cranioplasty following translabyrinthine tumor resection. The mesh acts as a buttress for the fat graft, and our initial experience suggests that it can reduce the rate of postoperative pseudomeningocele formation and cerebrospinal fluid rhinorrhea. The surgical site is then closed in a multilayer, watertight fashion and the finally the tympanic membrane is examined to ensure that it was not violated during middle ear packing.
Middle Cranial Fossa Approach
The middle cranial fossa approach uses a subtemporal, extradural approach along the middle cranial fossa floor to expose the internal auditory canal from above. The patient is positioned similarly to the translabyrinthine approach. A lumbar drain may be employed to facilitate brain relaxation and minimize retraction. A pre-or postauricular incision extends in a curvilinear fashion within the hairline, centered near the ear canal. An approximately 4 cm 9 4 cm craniotomy is centered superior to the external auditory canal, and the bone flap is preserved for cranioplasty at the end of the case. Subtemporal dissection proceeds from lateral to medial and posterior to anterior in order to clearly identify the petrous ridge and the arcuate eminence and to reduce the risk of traction injury to the facial nerve from greater superficial petrosal nerve (GSPN) pull. Dissection identifies the foramen spinosum anteriorly and is careful to avoid the geniculate ganglion, which can be dehiscent. With these structures outlined, internal auditory canal can be identified by bisecting an angle drawn from the arcuate eminence and the GSPN. Drilling generally commences anteromedially near the petrous ridge to avoid injury to the labyrinth or facial nerve. Once the troughs are adequately developed and the IAC is decompressed, the dura is opened and tumor dissection is performed. Following tumor excision, bone wax is applied to seal any of the air cells opened while drilling, and a free muscle graft is applied to fill the dural defect of the internal auditory canal. The temporal lobe is gently relaxed and the bone flap is secured over the craniotomy site with a low profile, titanium mini-plating system. The surgical site is then closed in a multilayer, watertight fashion.
Surgical Outcomes

Facial Nerve Function
Maximizing facial nerve outcomes is a goal of tumor treatment, regardless of the approach. In a 2011 report, Falcioni et al. [22] compared facial nerve outcomes across surgical approaches for 439 tumors that extended less than 1 cm into the cerebellopontine angle. No statistical difference was identified between the translabyrinthine and retrosigmoid approaches, but both were statistically more likely to yield better facial nerve outcomes at 1 year following resection than the middle cranial fossa approach. A recent metanalysis comparing postoperative morbidity among the three surgical approaches found that facial nerve function at the last follow-up was dependent on both tumor size and approach [23 • ]. With tumors less than 1.5 cm in the greatest diameter, the middle fossa approach resulted in the fewest cases of facial weakness worse than HouseBrackmann grade 3, whereas tumors larger than 1.5 cm had the lowest incidence of similar postoperative facial nerve weakness using the retrosigmoid approach. Conflicting reports such as these make conclusive declarations of superiority difficult when comparing surgical approaches in terms of facial nerve function. However, the data suggests more definitively that facial nerve outcomes depend on preoperative tumor size, with preservation of preoperative function more challenging with larger tumors. Additionally, surgeon experience plays a role in postoperative facial nerve function, regardless of approach [24, 25, 26 • ].
Deliberately incomplete tumor resection, in conjunction with any surgical approach, is an emerging but controversial concept that may improve facial nerve outcomes in certain settings. Though complete tumor resection is preferred when possible, tumor capsule can be left in order to preserve cranial nerve integrity. When considering this technique, it is important to note that a larger amount of residual tumor may correlate with an increased risk of continued tumor growth following resection. Schwartz et al. [27 • ] recently elaborated on the potential risks and benefits of incomplete resection by reporting a 10-year experience comparing the results of gross total resection (GTR, all visible tumor removed), near-total resection (NTR, less than 1 cm remained clinically or radiographically), and subtotal resection (STR, greater than 1 cm remained clinically or radiographically). STR and NTR resulted in significantly improved postoperative facial nerve function and significantly higher rates of residual tumor growth requiring salvage surgery at an average follow-up of 3.7 years. Porter et al. [28 • ] describe an improved rate of facial nerve function compared to previous reports for tumors larger than 3 cm using an initial STR followed by a planned, second stage resection via a different approach 4-6 months later. Though the concept of STR theoretically compromises a core principle of oncologic surgery, published reports are thus far encouraging that the presence of residual, benign disease may offer a lesser degree of morbidity than facial nerve injury. However, long-term follow-up data will be needed to help validate this perspective given the possibility of recurrent tumor growth over time.
Hearing Preservation
Rates of hearing preservation associated with microsurgery have become increasingly scrutinized in recent years, particularly in light of what appears to be possible following radiation [29 • ]. In order to clearly define degrees of hearing preservation and loss, a Committee on Hearing and Equilibrium, though the American Academy of Otolaryngology-Head and Neck Surgery (AAO-HNS), established a four-tiered classification system based on speech discrimination and pure tone averages [30] . The GardnerRobertson classification system was also created for this purpose [31] , and these two systems are described in Table 2 . When comparing the three major surgical approaches to VS with regard to hearing preservation, the translabyrinthine approach intrinsically eliminates all residual hearing and is thus reserved for cases in which no serviceable hearing exists or it is not believed that hearing can be realistically preserved with microsurgical dissection [32] . The middle cranial fossa and the retrosigmoid approaches are both routinely used in attempts to preserve hearing, and current data would suggest that in experienced hands, the choice of surgical approach cannot alone be used to explain differences in outcome [33 • , 34] . This finding appears to be durable over time, as well [35
When counseling patients about microsurgery, preoperative hearing levels, and tumor-specific factors may be the most appropriate predictors of hearing preservation [25] . Changes in the intensity of cochlear perilymph, as demonstrated on fluid-attenuated inversion recovery (FLAIR) sequence of MRI, may also prove to be useful in predicting the likelihood of hearing loss associated with tumor management [37 • ].
Cerebrospinal Fluid Leak
Cerebrospinal fluid leakage following microsurgical resection of VS occurs in approximately 5-12 % of cases, and the relative risk among the three different approaches has been previously evaluated. When a postoperative cerebrospinal fluid leakage occurs, it is generally through one of two mechanisms: leakage around the craniotomy site leading to the formation of a pseudomeningocele or leakage into the temporal bone and passage through the Eustachian tube resulting in rhinorrhea. Postoperative CSF leak increases the risk of meningitis as well as the duration of hospital stay and the cost of treatment [38 • , 39] . For these reasons, care must be taken at the conclusion of any surgical resection to close potential communications that could permit a leak. Small air cells in the temporal bone are obliterated with bone wax, and dural defects are closed in a watertight fashion, when possible, or obliterated with autologous fat, fascia or muscle. In 2004, a metanalysis by Selesnick et al. [40] reported leak rates of 10.6 % after either the retrosigmoid or the middle cranial fossa approach and 9.5 % after the translabyrinthine approach with no statistically significant difference between the three. More recently, we reported the cumulative experience of the Otology Group between 1970 and 2010 and came to a similar conclusion with the additional note of an increased incidence of leakage associated with combined approaches [41] .
Over the past decade, modifications in surgical technique have been described that have reportedly led to reductions in the occurrence of cerebrospinal fluid leakage. Different authors have advocated for measures such as routine mastoid obliteration during retrosigmoid approaches in order to more effectively seal the temporal bone and tympanic cavity [42] and the use of sealants to reinforce dural repair [43 • ]. Cranioplasty alterations have also been described. Manjilla et al. [44 • ] reported on the use of a titanium mesh with overlying hydroxyapatite cement, noting no instances of CSF leak in 42 consecutive resections. However, enthusiasm for the use of hydroxyapatite in this setting has been mixed given the possibility of associated complications [45] . Absorbable mesh cranioplasty has also been described, but no significant reduction in cerebrospinal fluid leakage was demonstrated [46] .
Tumor Recurrence
Recurrent tumor growth represents a challenging dilemma in the contemporary management of VS. Treatment failure, either following surgery or radiation, can lead to tumors with a relatively advanced rate of growth and worse functional outcomes following salvage surgery [ Headache Post-operative headaches can significantly influence patient quality of life following tumor resection. Though the mechanisms by which patients experience headaches are likely variable, attempts have been made to correlate the persistence of this symptom with the style of surgical approach. Traditionally, the retrosigmoid approach has been associated with a higher incidence of post-operative headaches [23] . Many reports have identified different aspects of the retrosigmoid approach as contributors to post-operative headaches, such as the division of nuchal musculature and nerves, the adhesion of nuchal musculature to dura, dural irritation following suture closure, and the creation of intradural bone dust after transmeatal drilling [54] . Addressing some of these potential etiologies at the time of surgery may help to reduce the incidence of postoperative headache. If possible, we would advocate for the avoidance of tight dural closure, for the use of meticulous irrigation to clean bone dust from the intradural space, and for the avoidance of chemical irritants that can cause intracranial inflammation.
Future Consideration: The Endoscope-Assisted Approach
The application of the endoscope to posterior fossa surgery may ultimately prove to be a valuable adjunct to microsurgical resection. Reports of endoscopic-assisted techniques for VS surgery are emerging [55 • ], but superiority over existing microscopic techniques is not widely accepted. While the microscope provides the visualization necessary for complete tumor resection in most cases, it is possible that future work could demonstrate the utility of a high-definition view from an endoscope when attempting to see structures out of a direct line-of-sight or when attempting to exploit an otherwise obscure plane of dissection between two structures.
Conclusion
Microsurgical resection continues to be an important part of the treatment algorithm for VS. There are intrinsic differences in the three main surgical approaches used for tumor resection, and in general, the most appropriate approach depends on the tumor, the patient, and the surgical team. As the emphasis on treatment morbidity and patient quality of life continues to evolve, we predict that the importance of multidisciplinary skull base centers in contemporary VS management will become increasingly apparent.
